This phase 1b trial investigated several doses and schedules of midostaurin in combination with daunorubicin and cytarabine induction and high-dose cytarabine post-remission therapy in newly diagnosed patients with acute myeloid leukemia (AML). The discontinuation rate on the 50-mg twice-daily dose schedule was lower than 100 mg twice daily, and no grade 3/4 nausea or vomiting was seen. The complete remission rate for the midostaurin 50-mg twice-daily dose schedule was 80% (FMS-like tyrosine kinase 3 receptor (FLT3)-wild-type: 20 of 27 (74%), FLT3-mutant: 12 of 13 (92%)). Overall survival (OS) probabilities of patients with FLT3-mutant AML at 1 and 2 years (0.85 and 0.62, respectively) were similar to the FLT3-wild-type population (0.78 and 0.52, respectively). Midostaurin in combination with standard chemotherapy demonstrated high complete response and OS rates in newly diagnosed younger adults with AML, and was generally well tolerated at 50 mg twice daily for 14 days. A phase III prospective trial is ongoing (CALGB 10603, NCT00651261).
INTRODUCTION
Mutations in the FMS-like tyrosine kinase 3 receptor (FLT3) occur in B25% of patients with acute myeloid leukemia (AML), cause constitutive activation, and are associated with poor prognosis. [1] [2] [3] Cytogenetically normal patients with AML whose leukemia is characterized by the presence of internal tandem duplication (ITD) mutations in FLT3 (FLT3-ITD) have a significantly shorter diseasefree survival (DFS) and overall survival (OS) than patients without the mutation. 2, 4 The prognostic significance of the FLT3 mutation has led to the pursuit of FLT3 inhibitors for the treatment of AML. Midostaurin (PKC412) is a potent kinase inhibitor of FLT3, c-KIT, PDGFR-b, VEGFR-2 and protein kinase C, with demonstrated activity against cell lines containing mutant FLT3 and against FLT3-induced myeloproliferative disease in a mouse model. 5 Midostaurin's two major metabolites, CGP62221 and CGP52421, are also capable of inhibiting FLT3 in vitro. 6, 7 In previous single-agent clinical studies with midostaurin at 75 mg three times daily 8 or 50 or 100 mg twice daily, 9 70% and 42% of patients with FLT3-mutant (n ¼ 55) and FLT3-wild-type (n ¼ 60) AML, respectively, had X50% peripheral blood blast reduction. Duration of response was short, and complete remissions (CRs) were not observed.
Midostaurin's activity, although limited, prompted a search for optimization of outcomes with FLT3 inhibitors. Synergism between FLT3 inhibitors and standard chemotherapeutic agents, including daunorubicin and cytarabine, has been demonstrated in preclinical studies. These studies highlight the importance of the dosing schedule; pretreatment with the inhibitor is antagonistic with chemotherapy. FLT3 inhibition of cell cycle progression in AML cell lines renders such cells insensitive to S-phase-specific chemotherapeutic agents such as cytarabine. 10 We conducted a phase 1b trial in newly diagnosed patients with wild-type and mutant FLT3 AML to examine the safety, efficacy and pharmacokinetics of combining midostaurin with an induction regimen of daunorubicin and cytarabine followed by highdose cytarabine consolidation. Several doses and schedules of midostaurin were investigated. After discontinuing dose schedules involving 100 mg twice daily, we found schedules of midostaurin (50 mg twice daily taken sequentially or concomitantly for 14 days per cycle) that could be combined tolerably with chemotherapy. This analysis describes 29 patients who received midostaurin 100 mg twice daily, and focuses on 40 patients who received midostaurin 50 mg twice daily.
PATIENTS AND METHODS

Patients and objectives
Previously untreated patients, aged 18-60 years, diagnosed with AML according to the World Health Organization criteria and with Karnofsky performance status X70 were eligible. Exclusion criteria included known impaired gastrointestinal function or gastrointestinal disease that could significantly alter the absorption of midostaurin; receipt of any investigational agent within 30 days of day 1; any surgical procedure within 14 days of day 1; an ejection fraction of o50% as assessed by multigated acquisition scan or echocardiogram scan within 14 days of day 1; presence of pulmonary infiltrates; history of or newly diagnosed myelodysplastic syndrome; history of myeloproliferative disease or secondary AML; and prior chemotherapy (other than hydroxyurea) or radiation therapy.
The primary objectives were to evaluate the safety and tolerability of twice-daily midostaurin (50 and 100 mg) administered either concomitantly with standard chemotherapy or sequentially after completion of chemotherapy, and to determine the effect of midostaurin on the pharmacokinetics of daunorubicin and cytarabine. The secondary objectives were to evaluate the efficacy of midostaurin in combination with standard chemotherapy by measuring the response rate, DFS and OS, and to investigate the effect of FLT3 mutational status on the rate of patient response.
Treatment plan
Midostaurin 100 mg twice daily in combination with chemotherapy was administered on either a concomitant dose schedule starting on day 1 of a 28-day cycle or sequentially starting on day 8 ( Figure 1 , dose/schedule I). After the first 14 patients, prolonged exposure was deemed too toxic, and the study was amended to limit treatment to 14 days per chemotherapy course (days 1-7 and 15-21 of the concomitant schedule; days 8-21 of the sequential schedule) (Figure 1 , dose/schedule II). Given intolerance of the 14-day-per-cycle exposure to midostaurin 100 mg twice daily, the study was again amended to reduce the dose of midostaurin to 50 mg twice daily in both the 14-day concomitant and sequential schedules ( At the investigator's discretion, the biopsy was delayed to insure that re-induction did not occur during administration of midostaurin in patients on the sequential arm. Patients who did not achieve CR at the end of a second cycle of induction (cycle 2) were discontinued from the study. Patients who achieved a CR at the end of cycle 1 or 2 received consolidation therapy for three cycles with high-dose cytarabine 3 g/m 2 i.v. over 3 h every 12 h given every other day (days 1, 3 and 5) for six doses in addition to midostaurin administered according to the schedule assigned during induction.
Maintenance therapy with midostaurin alone was allowed after completion of the planned chemotherapy (because of the potential benefits of continuous inhibition of FLT3) and was administered for 14 days in each 28-day cycle according to the patient's original assignment. A 50% dose reduction in midostaurin was allowed for grade 3/4 nonhematological toxicity attributed to the drug. Midostaurin could be given at a 50% dose until toxicity was resolved, and then the drug could be re-escalated.
Study assessments
The patient's FLT3 mutation status was determined at baseline from bone marrow and/or blood samples. To determine the presence or absence of FLT3-ITD, FLT3 sequencing was carried out at a central laboratory (Transgenomic Labs, New Haven, CT, USA). If the central laboratory data were not available (for example, sample was not sent or was insufficient), results from the local laboratory were used. The allelic ratio was not routinely determined. Cytogenetic abnormalities were characterized on the basis of the Cancer and Leukemia Group B criteria. 11 All adverse events (AEs) were recorded, regardless of causality. As the primary objective of the study was to determine safety and tolerability of the novel regimens, DFS duration (time from remission to relapse or death) was analyzed using investigator-reported data. However, all patients were followed for survival without censoring for alternative therapies such as stem cell transplant. Follow-up occurred every 3 months after treatment discontinuation until death.
Pharmacokinetic analysis
Samples were collected to determine the concentration of midostaurin and metabolites CGP52421 (the monohydroxy metabolite) and CGP62221 (the desmethyl metabolite) during cycles 1-5. Concentrations were determined by high-performance liquid chromatography/mass spectrometry with a limit of quantification of 10 ng/ml. Plasma concentrations of daunorubicin and cytarabine (cycle 1, day 1) were analyzed separately by high-performance liquid chromatography with ultraviolet detection. The limit of quantification was 5 ng/ml for daunorubicin and 10 ng/ml for cytarabine.
Statistical analysis
Enrolled patients (n ¼ 69) who received at least one dose of midostaurin and/or standard chemotherapy were analyzed for both safety and efficacy. OS was considered as the time from first dose of any study drug to death; otherwise, patients were censored at the date last known to be alive. DFS was considered as the time from first CR to relapse or death and was not censored for transplant.
Study conduct
This trial was registered with ClinicalTrials.gov as Novartis-CPKC412A2106. All patients signed informed consent forms approved by the relevant Institutional Review Boards. The study was performed at four centers in the United States and two centers in Germany.
RESULTS
Dose schedules I and II: 100 mg twice daily Twenty-nine patients received midostaurin 100 mg orally twice daily, with 14 patients receiving dose schedule I (continuous dosing beginning on day 1 (n ¼ 7) or day 8 (n ¼ 7)) and 15 patients receiving dose schedule II (days 1-7 and 15-21 (n ¼ 7) or days 8-21 (n ¼ 8)) ( Figure 1 ). The discontinuation rate was high, with 23 of 29 patients (79%) failing to complete all planned therapy ( Figure 2 ). Gastrointestinal grade 3/4 AEs occurred at this dose: 7 (24.1%) nausea, 7 (24.1%) vomiting and 4 (13.8%) diarrhea. Intolerable gastrointestinal AEs led to discontinuation in two patients (both grade 2). The frequency and grade of other AEs occurring on dose schedules I and II were similar to that seen for patients treated with midostaurin 50 mg twice daily on dose schedule III (data not shown).
CR was achieved by 13 of 29 patients (45%), including 8 of 23 patients (35%) with FLT3-wild-type blasts and five of six patients (83%) with FLT3-mutant blasts (three ITD and two tyrosine kinase 14-day, 50 mg BID dosing a Three patients (n = 2 from the sequential arm; n = 1 from the concomitant arm) discontinued in complete remission before completing consolidation and were considered as completers by investigators. Figure 1 ). FLT3 mutations were noted in 13 of 40 patients: 9 with FLT3-ITD mutations and 4 with TKD mutations. As expected, most patients (77%) with FLT3-mutated blasts displayed normal cytogenetics (Table 1) . 11 The percentage of patients with the FLT3 mutation in the sequential and concomitant arms was similar. The discontinuation rate in the 14-day 50-mg twice-daily arm (45%) was lower than the rate in the 14-day 100-mg twice-daily arm (80%).
Efficacy: 50 mg twice daily The CR rate (80% overall) was higher among patients with FLT3-mutant AML (12 of 13 patients (92%) compared with 20 of 27 patients (74%) with wild-type FLT3). The single patient with FLT3-mutant AML who did not respond had an ITD mutation consisting of a 43-bp insertion. The dosage schedule did not affect the rate of CR; 16 of 20 patients (80%) in both the sequential and concomitant groups achieved a CR. Of the patients who achieved CR, 9 of 12 patients (75%) with FLT3-mutant AML and 15 of 20 patients (75%) with FLT3-wild-type disease achieved CR after the first cycle of induction.
Kaplan-Meier OS probabilities at 1 and 2 years, respectively, were 0.85 (95% CI: 0.65-1.0) and 0.62 (95% CI: 0.35-0.88) in patients with FLT3-mutant AML, and 0.78 (95% CI: 0.62-0.93) and 0.52 (96% CI: 0.33-0.71) in patients with FLT3-wild-type AML (Figure 3a) . Kaplan-Meier DFS probabilities at 1 year for FLT3-mutant and FLT3-wild-type patients were 0.50 (95% CI: 0.22-0.78) and 0.60 (95% CI: 0.39-0.81), respectively (Figure 3b) .
Of the eight patients with FLT3-ITD mutations assessed for DFS, six relapsed, all within 1 year. Six of the nine patients with FLT3-ITD mutations assessed for OS have died. Of the four patients with TKD mutations assessed for DFS and OS, one relapsed after 1 year and none have died.
Overall, three patients in the study received more than two cycles of maintenance therapy (between 23 and 29 cycles). All three were in the midostaurin 50-mg twice-daily cohort. Of these three patients, two had FLT3-mutant AML and one had FLT3-wildtype AML. These patients tolerated the drug well (two patients with no midostaurin dose adjustments). All discontinued treatment while in CR and remained in CR at last follow-up. Two other patients received less than 2 months of post-consolidation maintenance therapy. Both patients discontinued treatment in CR; one (FLT3-wild-type) relapsed 1 month after discontinuation. By investigator report, post-treatment transplant was received by 5 of 27 patients (19%) with FLT3-wild-type disease and 4 of 13 patients (31%) with FLT3-mutant disease.
Safety and tolerability: 50 mg twice daily Midostaurin was generally well tolerated in combination with chemotherapy at the 50-mg twice-daily dose. The amount of midostaurin and chemotherapy received during induction was similar on the two arms, with 14 of 20 patients (70%) in both the sequential and concomitant arms completing all planned induction therapy. All three cycles of consolidation treatment were received by 12 of 16 patients (75%) in the sequential arm and 8 of 16 patients (50%) in the concomitant arm. A higher rate of discontinuation was noted in the concomitant (55%) compared with the sequential (35%) schedule (Figure 2) . Patients on the sequential arm were exposed to midostaurin for a median of 130 days (range, 7-975 days) and patients on the concomitant arm were exposed for a median of 89 days (range, 8-1016 days). Exposure to midostaurin was similar between the FLT3-mutated group (median, 133 days; range, 21-975 days) and FLT3-wild-type group (median, 90 days; range, 7-1016 days).
Nausea, diarrhea and vomiting were the most common nonhematological events in the induction and consolidation periods (Table 2) . Overall, one episode (3%) of grade 3 diarrhea occurred, lasted 1 day, and resolved without treatment. No grade 3/4 nausea or vomiting occurred. Grade 3/4 hepatic toxicity was infrequent. No grade 3/4 peripheral edema was observed. Overall, the toxicity reported was similar in the sequential and concomitant schedules. No deaths were recorded in either arm on treatment or within 28 days of the last dose of study drug.
Pharmacokinetics: 50 mg twice daily Plasma levels for midostaurin and its metabolites, on both the sequential and concomitant dosing schedules, reached levels similar to those previously reported for patients with AML treated with midostaurin monotherapy (Figure 4 ; Table 3 ). 9 During off-treatment periods, trough concentrations of midostaurin and CGP62221 were similar, decreasing to low or undetectable levels. Differences were observed in plasma concentrations of midostaurin and CGP62221 between the two arms, which can be explained by the different treatment schedules. For example, on day 15, the plasma concentrations of drug in the concomitant arm are lower compared with the sequential arm, because patients in the concomitant arm had not received midostaurin for 7 days, whereas those in the sequential arm were in the middle of the 14-day treatment block. In contrast, the active metabolite CGP52421 displayed a long half-life and was maintained at stable levels between dosing treatment phases.
Although the clearance of daunorubicin does not seem to be affected by midostaurin (Table 4) , the mean concentration of daunorubicin observed at 24 h (C 24 h ) after the first dose was 17.4 ng/ml and undetectable (o5 ng/ml) with and without concomitant administration of midostaurin, respectively. Therefore, a pharmacokinetic interaction between daunorubicin and midostaurin could not be excluded. No interaction between cytarabine and midostaurin was observed (data not shown).
DISCUSSION
It was originally hoped that single-agent FLT3 inhibitor therapy would have a profound effect on AML, similar to the benefit of tyrosine kinase inhibitors in chronic myeloid leukemia. However, AML is genetically more similar to blast-phase chronic myeloid leukemia, with many more mutations required for the development of the full disease phenotype. FLT3 may occur as a secondary mutation rather than an initiator of the leukemic clone. 12 The absence of primacy of FLT3 mutations, lack of adequate pharmacokinetics and protection of the leukemic stem cells in the marrow niche have each been invoked to explain the disappointing clinical efficacy seen when potent FLT3 inhibitors were used as single agents in early-stage clinical trials in advanced FLT3-mutant AML. 8, 9, [13] [14] [15] However, the biological activity (frequent reduction in peripheral blood blasts) coupled with preclinical studies showing synergy between FLT3 inhibitors and chemotherapy prompted an effort to address the feasibility of combination therapy. This study was designed to determine a safe and tolerable dose of midostaurin that could be administered with standard induction and post-remission chemotherapy. Achieving such a regimen was more challenging than initially expected. We had previously shown that 75 mg three times daily 8 and 50 and 100 mg each twice daily 9 were well tolerated and reasonably efficacious when given continuously as single agents to patients with AML. However, 100-mg twice-daily midostaurin given either concomitantly with induction chemotherapy (beginning on the first day of chemotherapy) or sequentially (on the eighth day after the start of chemotherapy) led to grade 3/4 nausea and vomiting and a high rate of discontinuation. Tolerability improved for patients who received midostaurin 50 mg twice daily for 14 days per cycle in both the concomitant and sequential arms. Given the slightly higher degree of tolerability in the sequential arm, the fact that a pharmacokinetic interaction between midostaurin and daunorubicin could not be excluded in our study, and concerns in other studies about possible antagonism if a FLT3 inhibitor was given before chemotherapy, 10 the sequential schedule was chosen for further evaluation. (20) 3 (15) 8 ( Although there was a 45% discontinuation rate in the cohort of 40 patients receiving midostaurin 50 mg twice daily in combination with chemotherapy, most of these patients stopped for reasons other than toxicity, such as relapse, failure to achieve CR or stem cell transplant. Consequently, we supported moving ahead with this schedule, although further dose optimization may be possible.
This study demonstrated an encouragingly high CR rate of 92% in 13 patients with FLT3-mutant AML exposed to midostaurin 50 mg for 14 days of each 28-day cycle. Sorafenib plus induction chemotherapy also led to a high CR rate (93%) in 15 newly diagnosed patients with FLT3-mutant AML. 16 While the poor prognosis noted in patients with FLT3-ITD mutations is thought to be becaus of a high relapse rate, [1] [2] [3] [4] [17] [18] [19] [20] [21] it is possible that a higher likelihood of CR or 'deeper' CR could be beneficial in reducing relapse rates. Although no firm conclusions can be drawn on the basis of 13 patients, four of whom had TKD mutations, it is interesting to note that Kaplan-Meier DFS and OS probabilities in this group of patients were similar to those in the 27 patients with FLT3-wild-type disease. The extent to which post-protocol therapy (for example, stem cell transplant) influenced this relatively favorable survival outcome in the FLT3-mutant cohort is unclear.
The results of our study, showing high CR and OS rates in patients with FLT3-mutant AML with acceptable tolerability, suggest that the addition of midostaurin to chemotherapy may improve outcomes for newly diagnosed younger patients with FLT3-mutant AML. However, AML is a heterogeneous disease and the current study was small and did not account for the influence Abbreviations: AUC 0-24 h , area under the plasma concentration-time curve from time 0 to 24 h; CL, apparent oral clearance; C max, maximum plasma concentration; C 24 h , plasma concentration at 24 h; LLOQ, lower limit of quantification; T max , time to C max ; V z , apparent volume of distribution. The LLOQ is 5 ng/ml.
of parameters such as stem cell transplantation or gene mutations other than FLT3. Nevertheless, these promising safety results enabled initiation of the ongoing, international, prospective, randomized double-blind phase III study (CALGB 10603, NCT00651261) of standard induction and post-remission chemotherapy with placebo or midostaurin at 50 mg twice daily on days 8 through 21 of each chemotherapy cycle and as maintenance therapy in newly diagnosed patients with AML younger than 60 years of age.
